The purpose of the present study is to investigate the -ray effect on the structure and some critical properties, such as working/setting time and compressive strength, of a TTCP/DCPA-based CPC. Experimental results indicate that working/setting time, compressive strength, TTCP-HA conversion rate and morphology of the present CPC are all related to the dosage of -ray sterilization. The best -ray dosage appears to be 30 kGy which leads to slightly longer setting/working time, the highest TTCP-HA conversion rate and the highest compressive strength. With increasing -ray dosage, the morphology of CPC changed from sharp-edged petal-like morphology (non-sterilized and 10 kGy) to globular-like morphology (20 and 30 kGy) to dull-edged coralline-like morphology (40 and 80 kGy).
Introduction
In as early as 1983 Brown and Chow 1) have found that mixing tetracalcium phosphate (TTCP) and dicalcium phosphate anhydrous (DCPA) powders in diluted phosphatecontaining solution led to the formation of hydroxyapatite (HA). According to this chemical reaction, a calcium phosphate cement (CPC) was first developed and patented in 1986.
2) Thereafter, the use of this moldable CPC as bone substitute has attracted a great deal of attention and a variety of fabrication methods have been proposed. [3] [4] [5] One major advantage of CPC over calcium phosphate blocks or granules is that CPC can be molded to any desirable shape during operation. The CPC paste hardens in-situ with HA as its main final product. By adjusting the viscosity of the cement, CPC can be injected using a surgical syringe, which finds many applications for orthopedic, craniofacial and periodontal operations. 6, 7) In 1996, a dual-phase CPC (consisting of TTCP and DCPA) was approved by the U.S. Food and Drug Administration (FDA) for repair of cranial defects in humans, which became the first material of its kind available for clinical use. For surgical practices there exist a variety of sterilization methods, such as heat, steam, ethylene oxide and radiation sterilization. Each method has its inconveniencies for treating CPC. For example, ethylene oxide gas-sterilization could leave residues of ethylene oxide within pores (CPC is a typical porous material), while moisture and/or heat could induce phase transitions. Among these methods -radiation is perhaps the most reliable method for sterilizing CPC. For example, Miyamoto et al. 8) sterilized their TTCP/DCPAbased CPC powder by exposure to 20 kGy -radiation. Ohura et al. 9) used 25 kGy -ray to sterilize -TCP-MCPM-CSH cement powder. Grimandi et al. 10) had their BCP granules (60% HA and 40% -TCP) sterilized by 25 kGy -ray. Lebugle et al. 11) sterilized a powder mixture of calcium phosphate, dextran and methotrexate using 32 kGy -ray.
It is known that -radiation can change the stability of polymers, especially those contain active initial monomers. For example, Lewis and Mladsi 12) revealed that their acrylic polymer sterilized by -irradiation had significantly lower molecular weight and fatigue resistance than that sterilized by ethylene oxide gas-sterilization method. Zahraoui and Sharrock 13) also indicated that their chitosan solutions showed a dramatic decrease in viscosity after 25 kGy -ray exposure. Although -radiation is frequently used for sterilizing CPC, the effects of the radiation exposure on the properties of highly reactive, porous CPC remain unknown. It is therefore the purpose of the present study to investigate the -ray effect on the structure and some critical properties, such as working/setting time and compressive strength, of a TTCP/DCPA-based CPC recently developed in the authors' laboratory.
Experimental Procedure
To prepare the TTCP/DCPA-based CPC (for this study), the TTCP powder was fabricated in-house using the method suggested by Brown and Epstein 14) while the DCPA powder is a commercial product (Jassen Chemical Co., Japan). TTCP and DCPA powders were mixed in a molar ratio of 1:1 in a ball-mill mixer, dried in an oven (N 7/H, Nabertherm, Germany) at 105 C and vacuum-packed. The packed TTCP/ DCPA powders were -ray-sterilized at China Biotech Co., Taiwan. To prepare CPC cement, the sterilized powder was mixed in 1 M phosphate hardening solution (H 3 PO 4 ) with a pH value of 5.6. A liquid/powder ratio of 0.4 ml/gm was used throughout the study.
After mixing for 1 min the CPC paste was packed in a 6 mm dia., 12 mm deep cylindrical stainless steel mold under a popularly-used pressure of 0.7 MPa. For compression testing the packed sample was held in mold for 15 min to allow hardening of the paste to occur. For the evaluation of disintegration (dispersion) behavior of the CPC, however, the packed sample was held in mold for only 3 min before being removed from the mold and immediately immersed in Hanks' solution 15) at 37 C. The disintegration test result showed that all non-sterilized and -ray-radiated CPC samples were dimensionally stable and did not disintegrate when immersed in Hanks' solution.
The variation in pH value of the CPC was evaluated during the setting process. The pH value was determined using a pH meter (HM-20S, Tokyo TOA Electronics Ltd., Tokyo, Japan) that was buried in the cement paste immediately after the powder and hardening solution was mixed. The first reading was taken at 1 min after mixing. The measurement was continued up to 30 min after mixing (reading was taken every 30 sec until 30 min), although the CPC was readily set within 15 min.
To study the effect of -ray exposure on properties of CPC, a series of doses (10, 20, 30 , 40 and 80 kGy) were used. The working time of CPC paste was determined as the duration for which the paste was no longer moldable, while setting time was measured according to ISO 1566 standard method. During measurement the cement paste was kept in a 60-70% relative humidity environment at 37 C. For compressive strength testing cylindrical samples of 6 mm in diameter and 12 mm in height were prepared. The samples were immersed in Hanks' physiological solution at 37
C for 24 h, prior to test. The compressive strength was measured using a desktop mechanical tester (Shimadzu AGS-500D, Tokyo, Japan) at a crosshead speed of 1.0 mm/min. A one-way ANOVA method was used to evaluate the statistical significance of working/setting time and compressive strength. A Scheffe' multiple comparison test was used to determine the significance of the deviations in working/setting time and compressive strength. In all cases, the results were considered statistically different with p < 0:05.
Specimens for XRD analysis were prepared by crushing hardened CPC into fine powder with a mortar and pestle. An X-ray diffractometer (Rigaku D-MAX IIB Tokyo, Japan) with Ni-filtered CuK radiation operated at 30 kV and 20 mA at a scanning speed of 0.25 /min in 2 range of 24 5 2 5 34 was used for the study. The various phases were identified by matching each characteristic X-ray diffraction (XRD) peak with that compiled in JCPDS files. The relative TTCP-HA conversion ratios were calculated using the following equation modified from the equation used by Ishikawa et al.: 16) Relative conversion ratio
where T 1d , T 2d and HA d are respectively the peak areas of TTCP (013) ) and HA (002) (2 ¼ 25:9 ) of 1d-immersed CPC prepared from non-sterilized TTCP powder. A field-emission scanning electron microscope (SEM) (XL-40 Philips, Holland) operated at 15 kV was used to examine the morphology of CPC.
Results and Discussion
As indicated in Fig. 1 and Table 1 , the working time and setting time of -ray-sterilized CPC did not show a significant change (compared to non-sterilized CPC) asray dosage increased to 20 kGy (p > 0:05). With higher dosage, however, the statistical results indicated that the differences in both working and setting times increased were significant. At 30 (p < 0:05) or 40 kGy (p < 0:001), the working and setting times increased from about 9 and 10 min to about 11 and 12.5 min, respectively. As -ray dosage further increased to 80 kGy (p < 0:001), the working and setting times further increased to 13 and 14.5 min, respectively. Whether an increase in working/setting time would be beneficial to a surgical practice depends on location and application of the surgery. For example, a longer working/ setting time is generally desired for orthopedic surgery than dental surgery. As will be discussed later, the radiationinduced increase in working/setting time of the CPC is largely attributed to their different apatite conversion rates.
The variation in compressive strength of the CPC was not as straightforward as in working/setting time. As can be seen from Fig. 2 , the compressive strength of the CPC increased with -ray dosage in the dosage range from 0 (non-sterilized, 35.8 MPa) to 30 kGy where the maximum strength (47.3 MPa) was obtained. With higher dosage than 30 kGy, the compressive strength largely declined. At 80 kGy, the compressive strength of the CPC (33.7 MPa) became even lower than that without -ray sterilization. The large radiation-induced increase in compressive strength (particularly for the dosage of 30 kGy) would be beneficial for many (especially load-bearing) applications. This large increase in strength is considered to be largely attributed to their different apatite conversion rates and different morphologies, as will be discussed later. Figure 3 reveals the variations in pH value of the cement paste prepared from non-sterilized as well as -ray-sterilized CPC powders. As can be seen from the figure, after mixing of powder and setting solution (pH ¼ 5:6), the pH value of the mixture quickly increased to >8:0 in a few minutes. It was reported that the early dissolution of TTCP in phosphatecontaining solution caused the initial increase in pH value (Xie and Monore). 17) After about 15 min, the pH values stabilize in the range of about 9.25-9.75. The differences among non-sterilized and sterilized samples are insignificant. Although the formation of apatite is considered to lower the pH value (TenHuisen and Brown), 18) the limited supply of the solution (powder/liquid ratio was fixed) in this testing did not allow the reaction to complete and thus a pH plateau was maintained.
As indicated in Fig. 4 , the XRD patterns did not show any significant differences between non-sterilized and sterilized CPC powders. All samples were composed of original TTCP and DCPA phases. Even with dosage as high as 80 kGy, the two crystalline phases remained unchanged, compared to non-sterilized powder. Obviously the detection of -ray effect on phases/structure of the present TTCP and DCPA powders is beyond the capability or resolution of XRD used in this study.
However, after the powders were mixed in phosphate hardening solution to form CPC which was immersed in Hanks' solution for 24 h, the use of XRD was found helpful in interpreting the earlier-mentioned radiation-induced changes in properties. Using the method as described in Experimental Procedure, the relative TTCP-HA conversion ratios were calculated from the XRD patterns (an example is shown in Fig. 5 ) of CPC under different sterilization conditions. Figure 6 indicates that the variation in calculated conversion ratio has a very similar trend to that in compressive strength. The maximum conversion ratio occurred to the dosage of 30 kGy. With higher dosage, again, the ratio largely declined. This result indicates that, although the radiation effect on the phases/structure of original powders cannot be detected by XRD, this radiation effect on the growth rate of HA during immersion in Hanks' solution can be evaluated by the present XRD. The result also suggests that the CPC with higher conversion ratio leads to the higher strength. In a study of Ishikawa et al. 16) it was also suggested that the formation of HA is the key factor in the hardening process and the establishment of mechanical strength of CPC. The higher mechanical strength was ascribed to the faster conversion of TTCP and DCPA into HA. The octacalcium phosphate (OCP) phase, which was observed in TTCP/DCPA-derived CPC at 2 ¼ 4:738 by W. E. Brown and L. C. Chow, 1,2) was Table 1 Working time, setting time and compressive strength of CPC derived from non-sterilized and -ray-sterilized powders.
Gamma-ray dose
Nonsterilized Gamma-Radiation Effect on Morphology and Properties of TTCP/DCPA-Derived Calcium Phosphate Cementnot detected in the present CPC. The morphology of CPC was also found to change with -ray dosage. With increasing -ray dosage, the morphology of CPC immersed in Hanks' solution for 24 h changed from sharp-edged petal-like morphology (for non-sterilized and 10 kGy-sterilized samples) ( Fig. 7(a) ) to globular-like morphology (for 20 and 30 kGy-sterilized samples) (Fig. 7(b) ) to dull-edged coralline-like morphology (for 40 and 80 kGysterilization samples) (Fig. 7(c) ). The petal-like morphology was also observed in -TCP cement. According to Fernández et al., 19) the petal-like structure in -TCP cement resulted in an interconnected porous structure. With the reduction in particle size and the formation of spherical crystals, the cement became denser with an increase in its tightness among particles. dos Santos et al. 20) suggested that the reduction in apatite crystal size is attributed to the reduced porosity level and the increased mechanical strength. Although detailed mechanisms for the formation of the various morphologies observed in the present study have not yet been clarified, the -radiation-induced morphological change was obviously one major reason for the observed changes in strength.
Despite their different morphologies, the crystals observed in all samples had an apatitic phase, as clearly indicated in their XRD patterns (Fig. 5) . Furthermore, besides earlierdiscussed different conversion rates (Fig. 6) , the observed different morphologies should also be responsible to some degree for the different strengths observed among CPC samples sterilized with different doses. If morphology factor is dominant in the determination of CPC strength, it appears that globular-like morphology leads to the highest strength. 
Conclusions
(1) The working/setting time, compressive strength, TTCP-HA conversion rate and morphology of the present TTCP/DCPA-based CPC are all related to the dosage of -ray sterilization. (2) The best -ray dosage appears to be 30 kGy which leads to slightly longer setting/working time, the highest TTCP-HA conversion rate and the highest compressive strength. (3) With increasing -ray dosage, the morphology of CPC changed from sharp-edged petal-like morphology (nonsterilized and 10 kGy) to globular-like morphology (20 and 30 kGy) to dull-edged coralline-like morphology (40 and 80 kGy). 
